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Despite the large interest in the basic mechanisms of fibril forma-
tion and prion propagation, little is known about the molecular 
structure of prions at atomic resolution and the mechanism of 
propagation. Prions with related properties to the ones respon-
sible for mammalian diseases were also discovered in yeast and  
fungi8,9 which provide convenient model system for their studies. 
Prion proteins described include the mammalian prion protein 
PrP, Ure2p,10 Rnq1p,11 Sup35,12 Swi113 and Cyc8,14 from bakers 
yeast (S. cervisiae) and HET-s from the filamentous fungus P. 
anserina. The soluble non-prion form of the proteins character-
ized in vitro is a globular protein with an unfolded, dynamically 
disordered N- or C-terminal tail.15-18 In the prion form, the pro-
teins form fibrillar aggregates, in which the tail adopts a differ-
ent conformation and is thought to be the dominant structural  
element for fibril formation.

Fibrils are difficult to structurally characterize at atomic 
resolution, as X-ray diffraction and liquid-state NMR cannot 
be applied because of the non-crystallinity and the mass of the 
fibrils. Solid-state NMR, in contrast, is nowadays well suited for 
this purpose. The size of the monomer, between 230 and 685 
amino-acid residues for the prions of Figure 1, and therefore the 
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number of resonances in the spectrum—that used to be large 
for structure determination—is now becoming tractable by this 
method.

Prion proteins characterized so far were found to be usually 
constituted of two domains, namely the prion domain and the 
globular domain (Fig. 1). This architecture suggests a divide-
and-conquer approach to structure determination, in which 
the globular and prion domain are investigated separately. In 
isolation, the latter, or fragments thereof, were found to form 
b-sheet rich structures [e.g., Ure2p(1-89),6,19 Rnq1p(153-405)20 
and HET-s(218-289)21]. The same conclusion was reached by 
investigating Sup35(1-254).22 All these fragements have been 
characterized as amyloids, which we define in the sense that a 
significant part of the protein is involved in a cross-beta motif.23 
An atomic resolution structure however is available presently 
only for the HET-s prion domain, and was obtained from solid-
state NMR24 (vide infra). It contains mainly b-sheets, which 
form a triangular hydrophobic core. While this cross-beta struc-
ture can be classified as an amyloid, its triangular shape does 
deviate significantly from amyloid-like structures of smaller 
peptides.23

Regarding the globular domains, structures have been deter-
mined by X-ray crystallography (Ure2p25,26 and HET-s27), as well 
as NMR (mammal prions15,28-30). All reveal a protein fold rich in 
α-helices and dimeric structures for the Ure2 and HET-s pro-
teins. The Ure2p fold resembles that of the β-class glutathione 
S-transferases (GST), but lacks GST activity.25

It is a central question for the structural biology of prions 
if the divide-and-conquer approach imposed by limitations in  
current structural approaches is valid. Or in other words: can the 
assembly of full-length prions simply be derived from the sum of 
the two folds observed for the isolated domains?

What Can SSNMR Do for the Study of Prions?

Solid-state NMR is the method of choice to investigate insoluble 
non-crystalline biopolymers at atomic resolution. The spectro-
scopic strategies applied to fibrils are primarily dictated by the 
linewidth in the sample. The NMR linewidth in the 13C and 15N 
NMR spectra of prion fibrils and fragments thereof was found 
to be quite variable. For example, the isolated prion domain of 
the HET-s protein, prepared under physiological pH conditions, 
shows lines as narrow as typically observed for crystalline protein 
preparations (0.1 ppm for the narrowest signals31). For fibrils of 

The prion hypothesis1-3 states that the prion and non-prion 
form of a protein differ only in their 3D conformation and that 
different strains of a prion differ by their 3D structure.4,5 Recent 
technical developments have enabled solid-state NMR to 
address the atomic-resolution structures of full-length prions, 
and a first comparative study of two of them, HET-s and Ure2p, 
in fibrillar form, has recently appeared as a pair of companion 
papers.6,7 Interestingly, the two structures are rather different: 
HET-s features an exceedingly well-ordered prion domain 
and a partially disordered globular domain. Ure2p in contrast 
features a very well ordered globular domain with a conserved 
fold, and—most probably—a partially ordered prion domain.6 
For HET-s, the structure of the prion domain is characterized 
at atomic-resolution. For Ure2p, structure determination is 
under way, but the highly resolved spectra clearly show that 
information at atomic resolution should be achievable.
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While broad lines arise from local disorder, the obser-
vation of one set of narrow resonances for a fibrillar protein 
provides in a very sensitive manner evidence for a high local 
order and structural homogeneity, as for example observed in 
protein crystals. It also implies for multimeric proteins that all 
protein-protein interfaces between monomers must be identical 
or very similar; in crystals with several molecules per unit cell, 
resonance doubling can often be observed for conformational 
differences between the monomers, or residues experiencing 
different crystal contacts.

Resolution is Key

NMR of fibrils that exhibit significant disorder, as judged from 
the heterogeneous line broadening in NMR spectra, often only 
allow the measurement of a limited number of distances between 
selective labels, which then leads to the establishment of structural 
models satisfying these restraints. In cases where the local order is 
high enough such that they yield narrow lines under magic-angle 
spinning conditions6,24,31,34,39 (e.g., HET-s(218-289),31 Ure2p,6 or 
the Y145Stop variant or PrP39), structural studies of fibrils have 
many common elements with solid-state NMR high-resolution 
3D structure determination of crystalline proteins40-45 and basi-
cally the same strategies can be applied.40,43-48 They include, as 
in solution, sequential resonance assignments, followed by the 
collection of a large set of distance restraints used in structure 
calculations. This has recently been demonstrated for small crys-
talline proteins40,43-45,47 as well as fragments of prion fibrils.24,49 
This progress has been made possible due to the availability of 
higher fields, methodological developments, as well as progress 
in sample preparation. For full structure determination of larger 
systems, like full-length prions,6 further developments, including 
3D methods, are currently under way.

the same protein, grown at pH3, the resolution in the 2D spectra 
is considerably lower32 and shows similar linewidths as spectra 
of the fibrillar form of other short prion fragments investigated. 
Indeed, the Ure2p prion domain in isolation6,19 as well as frag-
ments of Rnq1p20 and Sup35p22 typically show line widths of 
1.5–2.5 ppm. The reason for the broadening is not entirely clear, 
and two effects can play a role: (1) the existence of several well-
defined polymorphic fibrils in the sample leads to the superposi-
tion of their spectra. Due to the similarity of the polymorphs, 
their isotropic chemical shifts can be quite similar which leads 
to a considerable number of non-resolved lines that can result 
in a broadening of the lines. (2) The presence of disorder, like 
the somewhat irregular packing of protofibrils into fibrils, or a 
variable mass-per-length along a single fibril, or a large number 
of packing errors due to only small energy differences, e.g., if 
the register between β-sheets changes. The distinction between 
polymorphism and a large number of packing errors and minor 
structural variations is not always straightforward. For the pH3 
fibrils of HET-s(218-289), the spectra are compatible with the 
superposition of a finite number of signals,32 which hints that 
the first explanation could be the correct one in this case. For 
the isolated Ure2 prion domain, the second explanation could be 
more probable. In this context, it should be pointed out that there 
is ample evidence for the existence of different forms of fibrils, 
which should undoubtedly be classified as polymorphs.33-36 These 
polymorphs can have significantly different packing schemes as 
exemplified in the structural model for Aβ by Tycko and cowork-
ers.35 But even in such a case, each of these polymorphs can still 
be characterized by relatively broad resonance lines, which is 
an indication that further polymorphism or structural disorder 
within a polymorph is involved. Indications for the existence of a 
large number of variations, or polymorphs, comes also from other 
biophysical methods, e.g., for cryo-electro microscopy.37,38

Figure 1. Prions identified today and characterized as consisting of a prion domain (blue) and a globular domain (red).
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lead to essentially identical results for the core and a further 
characterization of the C-terminal part (unpublished data). The 
structure of HET-s(218-289) fibrils consists of four β-strands 
forming two windings of a β-solenoid. While the fibrils from 
the isolated HET-s prion domain reveal a high structural order, 
the fibrils formed by the isolated Ure2p prion domain reveal 
significant static disorder.6,19 A comparison of two-dimensional 
DARR spectra of the two compounds under similar conditions 
is shown in Figure 3. A detailed structural analysis of Ure2p 
(1-93) is thus difficult. Amino-acid specific assignments reveal 
that the observed chemical shifts mainly correspond to β-sheet 
secondary structure (as also observed by X-ray diffraction for 
these amyloid fibrils),54 with some few residues showing dihedral 
angles typical for turns. Spectra from the isolated globular parts 
were recorded on crystalline samples and reveal narrow lines for 
both Ure2p(70-354)6 und HET-s(1-223)7 of the type typically 
observed in microcrystals.

The spectra recorded from the fibrils formed by the full-
length proteins yielded unexpected results for both HET-s and 
Ure2p. For HET-s, the spectra reveal both narrow and broad 
signals, where the narrow ones show a total conservation of the 
line shapes and positions when compared to the isolated prion 
domain. Some extracts of the two-dimensional 13C correlation 
Spectrum of HET-s are shown (in black contours), and compared 
with the one of the fragment 218–289 (blue contours), in Figure 
4. All sharp lines in the full-length HET-s spectra can be identi-
fied with resonances from the prion-forming domain (residues 
218–289) demonstrating that the structure of the amyloid core, 
as determined for the isolated domain, is fully conserved in the 
full-length fibrils. Remaining signals, stemming from the globu-
lar domain, show broad features and only poorly conserved reso-
nances when compared to the spectra from crystalline globular 
domain, indicating partial disorder. The spectra are less resolved, 
less dispersed and less intense than expected indicating that this 
domain is dynamically disordered; its structure seems at least 
partially compromised. Even if the chemical shifts correspond 
still mainly to α-helical conformation, the domain does not show 
a well-defined structure anymore, and it might be described as a 
molten globule.7 In fact, the formation of the amyloid backbone 
seems to force the globular domain into a less ordered state. A 
linker region can be identified which might connect the globular 
part to the amyloid core. This structure differs from the model 
proposed earlier for HET-s,9 but is reminiscent of a model pro-
posed for another prion, Ure2p, where an ordered amyloid core is 
decorated by disordered globular appendages,9,55 and is shown in 
Figure 5. Spectra of Ure2p are quite different and indicative of a 
different molecular organization. In contrast to HET-s, the two-
dimensional spectra are highly resolved, and reveal a well-ordered 
and rigid globular domain, with one set of resonances observed 
for isolated resonances. The DARR spectrum is shown in black 
in Figure 6. The resonances in this spectrum show similar chem-
ical shifts and linewidths as observed for the isolated globular 
domain, as assessed by comparison between spectra from the 
globular domain in crystals (shown in red) and spectra from 
the full-length protein (in black). Most well-resolved resonances 
can be identified with corresponding resonances in the isolated 

Sample Preparation for NMR Studies

NMR needs relatively large amounts of bulk sample, preferably 
several tens of milligrams. For atomic-resolution structure deter-
mination, the samples must be isotopically labeled. While small 
prion peptides as Ure2p(10-39) have been prepared by automated 
solid-phase synthesis, larger fragments or full-length proteins are 
usually prepared by expression in E. coli, analogous to the expres-
sion of globular proteins. This procedure allows a cost-effective 
isotopic labeling with 13C, 15N and, in some cases, 2H. Proteins 
can be expressed in inclusion bodies or can be purified from 
the soluble fraction. Fibrillization is induced e.g., by a change 
in concentration, temperature,50 buffer or pH.21 The conditions  
during expression, purification and fibrillization can be critical for 
the structure to be obtained. Care has to be taken to fibrillize the 
protein from its native form, and not from partially folded inter-
mediates, as often encountered in the presence of denaturants. 
Seeding a certain polymorph or, for prions, with a certain strain, 
can lead to a fibrillization in the same polymorph as the seed.33 
Thus, impurities, as for example cleavage products including 
isolated prion domains, should be absent, since they might seed 
non-native fibrils. For multidomain proteins, the entire folding 
process can be critical to obtain the correctly folded species.6,51,52 
Fibrillization yields a gel-like pellet, which can be centrifuged 
into an MAS rotor. To obtain an optimized signal-to-noise ratio, 
it is important to pack the rotors as densely as possible. However, 
extensive dehydration of the sample must be avoided as this leads 
to significant line-broadening. In our hands, filling the rotors 
using a centrifuge or an ultracentrifuge turns out to be the easiest 
and most gentle method.53

HET-s and Ure2p: Structural Models 
of the Full-Length Prions

Fibrils from HET-s and Ure2p full-length prions have been  
studied by solid-state NMR. Their molecular size of 289 and 354 
amino-acid residues, respectively, is quite large for present solid-
state NMR techniques. Nevertheless, high-resolution 2D and 3D 
spectra of good quality have been obtained6,7 and a considerable 
amount of structural information becomes available.

As mentioned above, both proteins show the same organiza-
tion, which consists of a globular domain and a prion domain. 
For HET-s, the prion domain is C-terminal, while for Ure2p it 
is found at the N-terminal part. Both globular domains show a 
mainly α-helical fold. In contrast to HET-s, which prion domain 
shows an amino-acid composition that is not different from  
typical globular proteins, the Ure2p prion domain is rich in N, 
Q, S and T residues.

The studies of the two proteins followed a similar strategy: 
investigation of the isolated N- and C-terminal parts, followed 
by comparison to the full-length protein. The fibrils formed 
by the fragment HET-s(218-289) corresponding to the prion 
domain are well ordered on a molecular level and lead to highly 
resolved spectra, and an initial atomic-resolution structure has 
been determined from 134 spectrally resolved peaks24 (Fig. 2). 
A full structure calculation using over 2,600 distance restraints 
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Figure 2. Structure of HET-s (A) five moneomers out of a HET-s(218-289) protofilbril. One monomers forms two turns of a β-solenoid. (B) NMR bundle: 
superposition on residues N226 to G242, N262 to G278 of the 20 lowest-energy structures of a total of 200 calculated HET-s(218-289) structures. Only 
the central molecule of the heptamer is shown.24

Figure 3. DARR spectra (100 ms and 20 ms mixing, respectively) of the prion domains of HET-s and Ure2p reveal the considerably higher order  
encountered in HET-s(218-289) if compared to Ure2p(1-93) which represents itself in a narrow linewidth (see main text) HET-s spectrum adapted from 
refs. 24 and 31, Ure2p adapted from ref. 6.
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globular domain of Ure2p, Ure2p(93-354). Thus, the fold of the 
globular domain is highly conserved in the fibrils, and retains 
high order, comparable to the one observed in crystals, adding 
to the evidence that the Ure2p prion is build according to a dif-
ferent structural scheme.6,52,56 Signals originating from the prion 
domain are not so easily identified in the 2D spectra; there are, 
however, experimental indications that this part of the molecule 
is still at least partly disordered in the full-length fibrils, and it is 
not clear today to what extent chemical shifts and line-widths are 
conserved. It is evident, however, that it does not entirely become 
as highly ordered as the prion domain of the HET-s protein, 
even if some narrow signals, which do not seem to arise from the 
globular domain, are observed. Further analyses, including full 
resonance assignments by means of 3D spectroscopy, currently 
under progress in our laboratories, are necessary to propose an 
atomic-resolution model for Ure2p fibrils.

NMR has, in summary, demonstrated that it is well en route 
to determine the atomic-resolution structure of full-length pri-
ons, at least for the parts that are well ordered. So far, it looks 
like that only one of the domains, either the globular one, as in 
Ure2p, or the prion domain, as in HET-s, are well-ordered in 
the context of the full-length fibrils. The comparions of HET-s 
and Ure2p suggests that there is considerable structural diversity 
in the fibrils of globular domain-containing prions, despite their 
similar appearance at the microscopic level.
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Figure 4. (A and B) Extracts of the 100 ms DARR spectra of HET-s(218-289) (blue) and HET-s(black). All peaks of the prion domain are present in the 
spectrum of the HET-s fibrils. (C and D) Extracts of the 100 ms DARR spectra of HET-s(1-227) (red) and HET-s (black). The structure of the prion domain is 
the same as in HET-s(218-289) while the globular domain loses its well-defined teritiary structure.7

Figure 5. Structural model of full-length HET-s. (A) Side view and (B) top 
view of 10 HET-s molecules within a HET-s amyloid fibril. The ellipsoids 
represent the N-terminal domains (residues 1–217) which structure is 
not precisely known in this context. Each molecule is colored uniquely.7
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Figure 6. Extracts from 2D 13C DARR spectra recorded with 20 ms mixing time of Ure2p (black), Ure2p1-93 (blue) and Ure2p70-354 (red) (A and B) indi-
cate that the prion domain is structurally different in its isolated form than in the context of the full-length protein. The globular domain, in contrast, is 
clearly preserved, as seen in (C and D).
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